U ric acid is the final oxidation product of purine catabolism in humans. For decades it has been hypothesized that the antioxidant properties of uric acid might be protective against aging, oxidative stress, and oxidative cell injury. 1 However, recent epidemiological and clinical evidences suggest that hyperuricemia might be a risk factor for cardiovascular disease, where enhanced oxidative stress plays an important pathophysiological role. 1, 2 The apparent paradox between protective and toxic effects is supported by clinical evidence that antioxidant compounds may become pro-oxidant compounds in certain situations, particularly when they are present in blood at supranormal levels. 1 In line, several epidemiological studies have reported an association between elevated serum uric acid concentration and increased albuminuria. [3] [4] [5] [6] [7] In general, this association has been explained as serum uric acid causing endothelial dysfunction, which is reflected by an increase in albuminuria. 8 Uric acid is the end product of purine metabolism. The mechanism of renal uric acid handling is complex. In blood, urate is only minimally bound to proteins. Therefore, almost 100% is freely filtered at the glomerulus into the renal tubule. 9, 10 In the proximal tubule, almost complete reabsorpition, secretion and postesecretory reabsorption take place sequentially. These processes are mediated by various urate transporters at the apical and basolateral membrane of proximal epithelial tubular cells. 10 In conert they cause healthy individuals to have reabsorption of urate relatively constant at about 95%. 10 Like serum uric acid albuminuria also has been found to be associated with increased risk for cardiovascular disease. The amount of albumin that is lost in urine is the result of the amount filtered by the glomerulus and the amount that escapes degradation or reabsorption by the proximal tubule. Interestingly, recent studies have shown that proximal epithelial tubular cells that are exposed to albumin differentially up-and downregulate genes encoding for membrane transporters. [11] [12] [13] Others have shown that nonalbumin compounds found in the urine of proteinuric patients, such as plasmin, influence the activity of membrane transporters.
14 Given these data we questioned whether albuminuria may increase serum uric acid by influencing the activity of tubular transport mechanisms. If such an interaction between albuminuria and serum uric acid concentration were to exist, it may be anticipated that the associations of albuminuria and serum uric acid with cardiovascular outcome will show an interaction, ie, in subjects with higher albuminuria the association of serum uric acid with cardiovascular outcome is less strong.
We investigated these hypotheses using data from a largescale, observational cohort study in which data are available on serum and urine uric acid concentration, as well as albuminuria and cardiovascular outcome.
Patients and Methods

Study Design and Population
This study was conducted using data obtained in subjects who participate in the Prevention of REnal and Vascular ENd-stage Disease (PREVEND) study, which started in 1997. This prospective cohort study investigates the natural course of albuminuria and its relation to renal and cardiovascular disease. Details of the study protocol have been published elsewhere. 15, 16 In summary, all inhabitants of the city of Groningen aged 28 to 75 years were sent a questionnaire on demographics, disease history, smoking habits, use of medication, and a vial to collect a first-morning-void urine sample. Of these subjects, 40 856 responded (47.8%). From these subjects, the PREVEND cohort was selected with the aim to create a cohort enriched for subjects with higher albuminuria. After the exclusion of patients with type 1 diabetes mellitus (defined as requiring the use of insulin) and pregnant females (defined by self-report), all subjects with a urinary albumin concentration of >10 mg/L (7768) were invited, of which 6000 participated. Furthermore, a randomly selected control group with a urinary albumin concentration of <10 mg/L (3394) was invited, of which 2592 participated. These 8592 subjects constitute the actual PREVEND cohort and were studied in more detail.
For the current study, participants were excluded with missing data on serum or urine uric acid concentration (N=210 and 54, respectively), serum or urine creatinine concentration (N=34 and 33, respectively), urinary albumin excretion (N=2), and participants who were using drugs influencing uric acid metabolism (diuretics, allopurinol, and benzpromaron, N=349). Furthermore, participants with outlier values for serum uric acid (N=18) and tubular reabsorption (N=6), and assumed errors in 24-hour urine collection were excluded (N=198), leaving 7688 subjects for the present study. The PREVEND study was approved by the medical ethics committee of our institution and conducted in accordance with the International Conference of Harmonization Good Clinical Practice Guidelines and adheres to the ethical principles that have their origin in the Declaration of Helsinki.
Measurements and Definitions
At the baseline visit participants filled in a questionnaire, anthropometrical measurements were performed, and fasting blood samples were taken. In addition, subjects collected urine for 2 consecutive periods of 24 hours. Blood pressure was measured in the supine position with an automatic device (Dinamap XL Model 9300; Johnson-Johnson Medical). Blood pressure is given as the mean of the last 2 recordings.
Concentrations of total cholesterol and plasma glucose were measured using standard methods. Serum creatinine was measured by dry chemistry (Eastman Kodak). Urinary albumin concentration was measured by nephelometry with a threshold of 2.3 mg/L and intra-and interassay coefficients of variation of 2.2% and 2.6%, respectively (BNII; Dade Behring Diagnostic). Urinary albumin excretion is given as the mean of the two 24-hour urine collections. Serum concentrations of uric acid were measured with The Merck Mega clinical chemistry analyzer with the uricase PAP (peroxidase-aminophenazone) method, with an intra-and interassay coefficient of variation of 1.1% and 1.3%, respectively. Urinary uric acid has been measured with the Merck Mega, with an intra-assay and interassay coefficient of variation 0.9% and 1.4%, respectively.
Participants were considered to be smoking when, according to the questionnaire, they had smoked in the year prior to the baseline screening, and as using alcohol when, according to the questionnaire, they had at least 1 to 4 drinks a month in the year prior to the baseline screening. Cardiovascular disease history was defined as self-reported myocardial infarction, percutaneous transluminal coronary angioplasty, coronary artery bypass graft, or cerebrovascular accident. Information on drug use in general was obtained from the questionnaire, and on specific drug use from the Inter-Action Data-Base (IADB), which comprises pharmacy-dispensing data of community pharmacists located in the northern regions of the Netherlands. These pharmacies provide the IADB database a complete listing of patient-specific dispensed drugs. 17 Hypertension was defined as systolic blood pressure of ≥140 mm Hg, a diastolic blood pressure ≥90 mm Hg, or use of antihypertensive medication according to self-report or to pharmacy data. Hyperlipidemia was defined as cholesterol level >5.0 mmol/L in participants with a cardiovascular disease history, a cholesterol level of >6.5 mmol/L when such a history was absent or use of lipid-lowering drugs according to self-report or to pharmacy data. Diabetes was defined as a fasting glucose level of >7.0 mmol/L, a nonfasting glucose level of >11.1 mmol/L or use of antidiabetic medication according to self-report or to pharmacy data. eGFR was estimated using the CKD-EPI equation and body surface area (BSA) unadjusted. 18 
Statistical Analysis
Continuous data are reported as meansAEstandard deviation (SD). In case of nonparametric data distribution medians with interquartile range (IQR) are presented. Differences between groups for continuous data were tested by Student t test or a Mann-Whitney U test in case of nonparametric data distribution. Differences between groups for proportions were tested with a chi-square test.
We first performed linear regression analyses to test associations of baseline albuminuria with baseline serum uric acid or tubular uric acid reabsorption (cross-sectional analyses), in univariable and in multivariable linear regression analyses. Because urinary albumin excretion was not normally distributed, this variable was logarithmically transformed to meet the assumptions for linear regression analyses. These regression analyses were performed crudely, as well as adjusted for potential confounders that are known to influence renal uric acid handling. For these analyses the standardized beta coefficients are given in the tables. These refer to how many standard deviations a dependent variable will change per standard deviation increase in the predictor variable. Standardization of the coefficient is usually done to answer the question which of the independent variables has a greater effect on the dependent variable in a multiple regression analysis, when the variables are measured in different units.
We next performed Cox-regression analyses to investigate the association of albuminuria and serum uric acid with cardiovascular morbidity and mortality during follow-up (longitudinal analyses). These analyses were performed univariate as well as multivariate, adjusting for traditional cardiovascular risk factors and potential confounders. In these models the Hazard Ratio of continuous variables is expressed per standard deviation of each variable, which allows direct comparison of the strength of associations of individual variables in the multivariate model. Furthermore, albuminuria and serum uric acid were simultaneously entered in the multivariable model. For Cox-regression analyses survival time was defined as the time between the date of urine collection of the participant and the date of first cardiovascular event or January 1st, 2009 (end of follow-up). Subjects were censored in case they died or moved to an unknown destination. In addition, it was investigated whether there was an interaction between urinary albumin excretion and serum uric acid in their association with cardiovascular morbidity and mortality by adding the interaction term albuminuria9serum uric acid to the full-adjusted model also containing both variables as single terms.
Figures 1 and 2 were generated from results of linear regression analyses. In the multivariable analysis the Hazard Ratios are adjusted for age, gender, use of alcohol, BMI, eGFR, and 24-hour urinary excretion of uric acid.
We performed several sensitivity analyses: we first repeated our analyses using design based regression analyses, in which the fact that by design the PREVEND cohort is enriched for subjects with higher albuminuria levels was taken into account. The advantage is that results can be extrapolated to the general population. Second, all the linear and Cox regression analyses were performed using urinary albumin concentration instead of 24-hour urinary albumin excretion, to investigate whether incorrect 24-hour urine collection may have influenced our results. Third, fractional sodium excretion and hs-CRP were added to the multivariable model investigating the associations of albuminuria with serum uric acid concentration and tubular reabsorption of uric acid, because these variables may be additional confounders in the association of albuminuria with serum uric acid concentration and uric acid reabsorption.
All calculations were performed with SPSS version 18.0 software, and for all analyses a 2-sided P<0.05 was considered to indicate statistical significance.
Results
The mean age of the 7688 study participants was 48.6AE12.4 years. Approximately half of the participants were of male gender. Mean serum uric acid was 0.30AE0.08 mmol/ L. Mean urinary uric acid excretion was 1.7AE0.7 mmol/24 h, tubular uric acid reabsorption 95.7AE2.1% and median urinary albumin excretion 9.3 (6.3 to 17.5) mg/24 h (Table 1) . When dividing the study population into subjects with normo-versus increased albuminuria (>30 mg/24 h) it shows that 1124 participants had increased albuminuria (median urinary albumin excretion 60.8 [40.0 to 115.2] mg/24 h). These participants are significantly older, more often male, have a lower eGFR, a higher serum uric acid concentration, and a higher tubular uric acid reabsorption, while uric acid excretion was similar (Table 1) .
Baseline Associations
When studied separately, albuminuria was significantly positively associated with tubular uric acid reabsorption, again crude (model 1), as well as in models that adjusted for potential confounders (models 2 through 4) (Table 3) , the higher albuminuria the higher tubular reabsorption of uric acid. This association is visualized in Figure 1 , with the study population subdivided according to deciles of 24-hour albuminuria. The upper panel shows the crude association of albuminuria with tubular uric acid reabsorption, and the lower panel the association when adjusted for the covariates of the multivariable regression model.
Associations of Albuminuria and Serum Uric Acid with Cardiovascular Events During Follow-up
During a median follow-up of 10.5 years (0.03 to 11.3 years), 702 cardiovascular events occurred. In sepa- Table 4 ). In the multivariate model in which urinary albumin excretion and serum uric acid concentration were simultaneously entered, it appeared that there was a significant interaction between these variables (P<0.001), consistent with high serum uric acid being less strongly associated with cardiovascular morbidity and mortality in the presence of high albuminuria and vice versa. This association of baseline albuminuria and serum uric acid concentration with cardiovascular outcome during followup is visualized in Figure 2 . Both higher albuminuria and higher serum uric acid concentration are associated with a higher relative risk for cardiovascular morbidity and mortality, and a negative interaction is observed: in participants with higher albuminuria the risk for cardiovascular morbidity and mortality associated with a high serum uric acid concentration is less strong, both crude (upper panel) as well as adjusted for cardiovascular risk factors (lower panel). BMI indicates body mass index; eGFR, estimated glomerular filtration rate (CKD EPI-equation); Ln, natural log-transformed. Standardized beta coefficients refer to how many standard deviations a dependent variable will change per standard deviation increase in the predictor variable. This allows a comparison which of the independent variables has a greater effect on the dependent variable in multiple regression analysis, when the variables are measured in different units.
Sensitivity Analyses
Several sensitivity analyses were performed. First, when design-based analyses were performed, accounting for the fact the PREVEND cohort by design is enriched for participants with higher levels of albuminuria, all aforementioned analyses rendered essentially similar results (data not shown).
Second, we performed all analyses using urinary albumin concentration instead of urinary albumin excretion. Again, essentially similar results were obtained. Urinary albumin concentration was significantly associated with serum uric acid concentration (Table 5 ) and tubular uric acid reabsorption ( (Table 7) , and the negative interaction between these 2 variables in their association with cardiovascular outcome was again significant (P<0.001). Third, because it has been suggested that albuminuria and serum uric acid concentration may also be dependent on sodium balance, serum albumin and systemic inflammation, we added fractional sodium excretion (mean 0.69AE0.2%), serum albumin (mean 45.8AE2.7 g/L), and high-sensitivity CRP (median 1.2, IQR 0.5 to 2.9 mg/L) to the multivariable model. This influenced only slightly the association between albuminuria and serum uric acid concentration (fully adjusted model standardized beta 0.02, P=0.01, Table 8 ) and the association between albuminuria and tubular reabsorption of uric acid (fully adjusted model standardized beta 0.05, P<0.001, Table 9 ).
Discussion
In the present study, which uses data obtained in a large, general population-based cohort study, we show that albuminuria is positively associated with tubular uric acid reabsorption and serum uric acid concentration. Additionally, we observed that there is an interaction between albuminuria and serum uric acid in their association with cardiovascular morbidity and mortality. Over the last decades, several studies have been published that showed an association between albuminuria and serum uric acid. [3] [4] [5] [6] [7] [23] [24] [25] [26] [27] [28] This association has been observed in subjects with heart failure, 26 diabetes mellitus, 5, 6, 23, 28, 29 and hypertension, 27, 30 and even in subjects participating in general population studies. 3, 4 Most of these studies were cross-sectional in design. Only a limited number of studies investigated whether a high-baseline serum uric acid predicts development of microalbuminuria. These studies showed contradictory results; with some describing that serum uric acid was independently associated with de novo microalbuminuria. In other studies, however, this association was only found in crude analyses, but not in analyses adjusting for confounders. In yet another study even the crude association was absent. Despite these contradictory longitudinal results, the cross-sectional associations between albuminuria and serum uric acid concentration have generally been interpreted as uric acid causing endothelial dysfunction, which is reflected by an increase in albuminuria.
In the present study we found a positive association of albuminuria with tubular uric acid reabsorption, independent of potential confounders a.o. hs-CRP. 31 It may well be that the expression of genes encoding for tubular uric acid transporters is specifically up-or downregulated by albumin, or nonalbumin compounds found in urine of albuminuric subjects. Such a phenomenon has been observed for other, nonurate membrane transporters in cultured tubular proximal epithelial cells. [11] [12] [13] [14] Of note, our data suggest that nothing much changes for tubular reabsorption of uric acid in the upper deciles of urinary albumin excretion. This could mean that, after a sensitive range at lower values of albuminuria, stimulation of reabsorption or perhaps reabsorption as such is at a maximum. Another mechanism could theoretically be that the association we found is in fact mediated by sodium reabsorption, since sodium depleted subjects have an increased tubular reabsorption of sodium and at the same time increased tubular reabsorption of uric acid. 32 In our opinion, this mechanism is less likely to play a role, because we found that the association between albuminuria and tubular uric acid reabsorption was independent of fractional sodium excretion. Furthermore, it is well established that not sodium-depleted, but on the contrary sodium-repleted subjects have higher albuminuria. 33 To unravel the exact mechanism of the association that we found, dedicated, indepth experimental studies are necessary to investigate the role of the various renal uric acid transporters in high albuminuria states. Our results form a rationale to start such research. The association of albuminuria and increased tubular urate reabsorption may well explain the association between albuminuria and serum uric acid concentration, as an increased reabsorption will result in a rise in serum uric acid concentration. The opposite, ie, an increase in serum urate ACR indicates albumin-creatinine-ratio; BMI, body mass index; eGFR, estimated glomerular filtration rate (CKD EPI-formula); ln, log-transformed. concentration, will not result in an increased, but more likely a decreased tubular urate reabsorption. We therefore, hypothesize that albuminuria may be causal in the association between albuminuria and serum uric acid concentration.
In this study, we corroborate that both albuminuria and serum uric acid concentration are independently associated with risk for cardiovascular morbidity and mortality. 8, 34 High serum uric acid may cause endothelial dysfunction and therefore vascular damage, 8, 35, 36 although antioxidant properties have also been attributed to serum urate, but especially in the lower concentration range. 1, 37 The mechanism by which albuminuria is associated with cardiovascular outcome is still unknown. In this respect only a few studies have investigated the predictive role of both variables entered simultaneously into a multivariable model, but these studies did not investigate cardiovascular outcome. 29, 38 We found that both variables were significantly associated with risk for cardiovascular outcome, independent of traditional cardiovascular risk factors and independent of each other. In addition, we observed a significant interaction between these 2 variables in their association with cardiovascular outcome, which has not been investigated before and may therefore have remained unreported to date. This latter observation suggests that both variables are associated with outcome via a (partially) overlapping mechanism, which fits our hypothesis that higher albuminuria may cause an increase in serum uric acid concentration by increasing renal tubular uric acid reabsorption. We would like to emphasize that this mechanism is unlikely to be the only explanation why albuminuria is associated with risk for cardiovascular morbidity and mortality, because albuminuria is still associated with risk even when adjusted for serum uric acid concentration. Our study has limitations that need to be mentioned. First, our results are obtained in a predominantly Caucasian population, and consequently cannot be directly extrapolated to other ethnic groups. Second, as the intra-individual level of urinary albumin excretion is subject to variation, eg, due to physical activity and inflammatory diseases, misclassification may have occurred. Special care was therefore taken to assess urinary albumin excretion as precisely as possible. Participants were advised not to collect urine in case of fever and to refrain from intensive physical activity during the urine collection period. Furthermore, participants with likely errors in their 24-hour urine sampling were excluded. Most importantly, misclassification is expected to bias results towards the null hypothesis (ie, no association), whereas in fact a significant association of albuminuria with serum uric acid concentration and tubular uric acid reabsorption was found. Third, our results regarding the associations of albuminuria and tubular urate reabsorption and serum urate are obtained in a cross-sectional analysis, which precludes firm conclusions on cause-effect relationships.
Strengths of our study are that our data were obtained in a relatively large-scale epidemiological study that was specifically designed to study the course and consequences of albuminuria. As such the PREVEND cohort is enriched for higher levels of albuminuria, making it particularly suited for studies investigating the association of albuminuria with other variables. Of note, even when adjusted for study design essentially similar results were obtained, making our data robust. Furthermore, albuminuria was assessed immediately in 2 fresh 24-hour urine collections, whereas in most epidemiological studies albuminuria is assessed in 1 random spot-urine sample after prolonged frozen storage, which is known to be subject to more variability. 39, 40 Lastly, in our participants extensive information is available on a large number of covariates, including medication use, which allows adjustment for confounders in multivariable analyses.
In conclusion, our study showed a strong association between albuminuria and uric acid reabsorption. This relationship could be due to albuminuria enhancing proximal tubular urate reabsorption. Controlling for serum uric acid levels strongly decreased the predictive value of albuminuria with regard to cardiovascular events. This phenomenon may explain in part why albuminuria is associated with cardiovascular outcome.
